Abstract: Chronic idiopathic constipation (CIC) and irritable bowel syndrome (IBS) are functional disorders of the lower gastrointestinal tract. Their prevalence in the general population is between 5% and 20%. Both disorders are chronic, with a relapsing and remitting natural history. The medical treatment of both conditions is unsatisfactory at present, and they represent a huge burden to the health service. Linaclotide is a first-in-class minimally adsorbed, 14-amino-acid peptide agonist of guanylate cyclase C. The drug acts on the intestinal enterocyte. As a consequence of this, intestinal fluid secretion is increased and intestinal transit is accelerated. The efficacy of linaclotide has been studied in both CIC and constipation-predominant IBS (IBS-C). Randomized controlled trials consistently demonstrate that the drug is effective in the treatment of CIC and IBS-C, across a wide range of continuous and dichotomous endpoints. The number needed to treat with linaclotide to prevent one patient with CIC or IBS-C failing to respond to therapy is between 5 and 8 in studies that have reported these data. Overall, in the majority of trials, total numbers of adverse events have been no more frequent with linaclotide, but rates of diarrhoea have been consistently higher. While the drug is clearly effective in the treatment of CIC, there are other evidence-based therapies available, and head-to-head efficacy and cost-effectiveness studies are therefore required to further delineate the role of linaclotide in the treatment of the condition. In IBS-C there are no other licensed therapies available, and linaclotide therefore represents a novel treatment with great promise.
Introduction
Irritable bowel syndrome (IBS) and chronic idiopathic constipation (CIC) are functional disorders of the lower gastrointestinal (GI) tract. The gold standard for the diagnosis of both conditions is the ROME criteria. IBS is characterized by the presence of abdominal pain or discomfort in association with altered stool form or frequency [Longstreth et al. 2006] , while criteria for CIC include persistently difficult, infrequent, or incomplete defecation, in the absence of any physiological abnormality [Longstreth et al. 2006] . The prevalence of IBS and CIC varies between 5% and 20% depending on the criteria used to define them [Lovell and Ford, 2012c; Suares and Ford, 2011b] .
IBS and CIC are more common in women [Lovell and Ford, 2012b; Suares and Ford, 2011b] and IBS is more common in younger individuals [Lovell and Ford, 2012c] , while the prevalence of CIC appears to increase with age [Suares and Ford, 2011b] . The two disorders follow a relapsing and remitting course. There is no evidence that IBS is associated with a reduced life expectancy [Ford et al. 2012] but CIC has been associated with a slight increase in mortality in the community [Chang et al. 2010] , although the reasons for this are unclear. Despite their functional nature, both conditions are associated with significant impairments in quality of life [Drossman et al. 2000; Wald et al. 2007 ] of a similar magnitude to that experienced by patients with chronic organic disorders. The financial burden of IBS and CIC to society is considerable due to direct costs to the healthcare system, such as consultations, investigations and drug therapy [Maxion-Bergemann et al. 2006; Peery et al. 2012] and indirect costs arising from lost days at work and absenteeism.
Effective therapies exist for both conditions [Ford et al. 2008 [Ford et al. , 2009a [Ford et al. , 2009b Ford and Suares, 2011; Moayyedi et al. 2010; Suares and Ford, 2011a] but none are proven to alter the long-term natural history. As a result, treatment tends to be targeted towards the predominant symptom experienced in IBS, while in CIC the aim is to improve stool consistency and frequency. Despite attempts to classify the functional GI disorders separately, there appears to be a large degree of overlap between them Lovell and Ford, 2012a; Suares and Ford, 2011b] . A recent study demonstrated a lack of stability in the diagnosis of both constipation-predominant IBS (IBS-C) and CIC during follow up [Wong et al. 2010] , suggesting that the two are not entirely separate conditions. This underlines the potential for new therapies to be developed which are effective in the management of both IBS-C and CIC.
What is linaclotide?
Linaclotide is a first-in-class minimally adsorbed, 14-amino-acid peptide agonist of guanylate cyclase C (GC-C). It binds to, and activates, GC-C receptors on the luminal surface of the intestinal enterocyte. This increases the production of cyclic guanosine monophosphate, which in turn triggers a signal transduction cascade that leads to activation of the cystic fibrosis transmembrane conduction regulator, resulting in the release of chloride and bicarbonate into the intestinal lumen. As a consequence, intestinal fluid secretion is increased and intestinal transit is accelerated [Busby et al. 2010] . This mechanism of action explains its therapeutic potential in CIC. In addition, linaclotide appears to have beneficial effects in rodent models of visceral pain [Eutamene et al. 2010] that are also mediated via GC-C, including antinociceptive properties. This led to the hypothesis that it may also be efficacious in IBS-C, and hence the more recent studies conducted in this condition. Randomized, controlled trials of linaclotide in both CIC and IBS-C are summarized below, and details of individual studies are provided in Table 1 .
What is the evidence supporting linaclotide in chronic idiopathic constipation?
Phase IIa study In a randomized, double-blind, placebo-controlled phase IIa pilot study to evaluate the effects of linaclotide in CIC, 42 patients were randomized to linaclotide (100, 300 or 1000 µg) or placebo once daily for 2 weeks [Johnston et al. 2009 ]. The mean age of patients was 45 years and 88% were women. Eligible individuals had to report less than three spontaneous bowel movements (SBMs) per week, along with one or more of lumpy or hard stools, straining and a sense of incomplete evacuation on at least 25% of bowel movements.
After 2 weeks of therapy there were numerically greater increases in SBMs, complete spontaneous bowel movements (CSBMs), and also improvements in stool consistency and straining, measured by the ease of passage score. CSBM frequency, stool consistency and straining scores improved in a dose-dependent manner. Improvements were also demonstrated in abdominal discomfort, severity of constipation and overall symptom relief. Compared with placebo, linaclotide 100 µg significantly increased the frequency of SBMs (p = 0.047), and linaclotide 1000 µg significantly improved stool consistency (p = 0.014). No dichotomous data concerning response to therapy were reported in this phase IIa study. The commonest adverse events with active therapy reported in this study were diarrhoea and abdominal pain, but all of these were judged as mild or moderate in severity by the investigators.
Phase IIb study
Following the previous study, a phase IIb multicentre, randomized, double-blind, placebo-controlled trial was conducted in 310 patients with CIC [Lembo et al. 2010] . The study was conducted at 57 clinical centres in the USA. The mean age of patients was 47 years and 92% were women. Eligibility criteria were similar to those for the phase IIa trial, and patients were randomized in approximately equal numbers to receive 75, 150, 300 or 600 µg of linaclotide, or placebo, once daily for 4 weeks. The primary endpoint was the change in mean weekly SBM frequency from baseline during the 4-week treatment period. Other endpoints included CSBM frequency, stool consistency, straining, SBM response rates (defined as at least three SBMs per week with an increase of at least one from baseline for 3 out of 4 weeks of therapy), CSBM response rates (defined similarly to SBM response rates), treatment satisfaction and effect on quality of life [using the Patient Assessment of Constipation Quality of Life (PAC-QOL) questionnaire].
There was a dose-dependent increase in weekly SBM frequency (2.6, 3.3, 3.6 and 4.3 for 75, 150, 300 and 600 µg of linaclotide respectively, lineartrend p < 0.001), compared with 1.5 for placebo. The mean number of CSBMs per week was also increased in a dose-dependent manner. Stool consistency and straining improved significantly and with a dose-response effect. SBM responder rates ranged between 55% and 68% with linaclotide compared with 32% for placebo (p ≤ 0.01 for all doses), and CSBM responder rates from 19% to 32% compared with 7% for placebo (p ≤ 0.05 for all doses except 75 µg). Following cessation of therapy, bowel habits returned towards baseline levels. Patient satisfaction with therapy was significantly greater in all four of the linaclotide arms, and quality-of-life scores were significantly higher with 75, 150 and 600 µg of linaclotide. Total numbers of adverse events were similar with linaclotide and placebo, although the number of patients reporting diarrhoea with active therapy was numerically higher.
Phase III studies
The results of two phase III, multicentre, randomized, double-blind, placebo-controlled trials involving 1276 patients with CIC (trial 303 and trial 01) were published in 2011 [Lembo et al. 2011] . The studies were conducted in the USA and Canada. The mean age of patients in each arm of the two trials ranged from 47 to 49 years and 87-90.5% were women. Eligibility criteria were identical to those for the phase IIb trial.
Patients who met the inclusion criteria were entered into a 12-week treatment period and randomized to receive linaclotide 145 or 190 µg, or placebo. The adjustment in total dose of the drug from the phase IIa and IIb studies does not reflect a change in the amount of linaclotide used in these clinical trials, but resulted from improved methods used to measure linaclotide content.
After completing the 12 weeks of treatment, subjects in trial 303 were then entered into a 4-week, double-blind period of randomized withdrawal. Patients who had received linaclotide in the previous 12 weeks were randomized to receive either the dose of linaclotide that they had received previously or placebo, and those who had received placebo previously were assigned to linaclotide 290 µg. The primary endpoint of the trials was achieving at least three CSBMs per week, with an increase of at least one CSBM per week from baseline for 9 or more weeks during the 12-week treatment period. Secondary endpoints included the effect of linaclotide on stool frequency, stool consistency, straining, satisfaction with treatment, and health-related quality of life, again using the PAC-QOL questionnaire.
In trials 303 and 01, 21% and 16% who received linaclotide 145 µg and 19% and 21% who received 290 µg met the primary endpoint for response respectively compared with 3% and 6% who received placebo (p < 0.01). Differences in the overall response rates between the two linaclotide arms were not significant in either trial. There were significant improvements from baseline to week 12 in all secondary endpoints with linaclotide compared with placebo. Treatment satisfaction scores were significantly higher with active therapy and the proportion of patients with an improvement in PAC-QOL score of at least 1 from baseline was also significantly higher with linaclotide.
In trial 303 among patients continuing to take linaclotide and those who were rerandomized from placebo to linaclotide, the increase in CSBMs remained similar to those during the initial 12 weeks of therapy, while among those who were rerandomized from linaclotide to placebo, CSBMs returned to a similar level to that of the patients originally assigned to placebo. However, there was no evidence of rebound worsening of symptoms. Serious adverse events were no more common with linaclotide, but again absolute numbers of patients reporting diarrhoea were higher with active therapy.
Systematic review and meta-analysis of randomized controlled trials
In a systematic review and meta-analysis of the three trials that reported dichotomous outcome data [Lembo et al. 2010 [Lembo et al. , 2011 , 860 of 1089 patients (79%) receiving linaclotide failed to respond to therapy, compared with 468 of 493 (95%) placebo patients [Ford and Suares, 2011] . The relative risk of failure to respond to therapy was significantly lower with linaclotide [0.84; 95% confidence interval (CI) 0.80-0.87], with no significant heterogeneity between studies. The number needed to treat with linaclotide was 6 (95% CI 5-8). Analyses according to the dose of linaclotide used demonstrated similar efficacy for 145 µg and 290 µg. All three trials reported the number of patients experiencing diarrhoea, which was more common with linaclotide (relative risk 3.08; 95% CI 1.27-7.48).
What is the evidence supporting linaclotide in constipation-predominant irritable bowel syndrome?
Phase IIa study The results of the first phase IIa double-blind placebo-controlled dose-ranging study to investigate the effects of linaclotide in patients with IBS-C were published in 2007 [Andresen et al. 2007] . In this trial 36 women who met the ROME II criteria for IBS were randomized in a 1:1:1 ratio to receive linaclotide 100 µg, linaclotide 1000 µg or placebo once daily for 5 days. Trial medication was administered as an oral solution, which was thawed each morning. In order to be enrolled in the study, participants had to demonstrate slow colonic transit at baseline, as measured by scintigraphy. Primary endpoints were the ascending colon emptying half time and overall colonic transit time at 24 h, again measured using scintigraphy. The authors also collected data concerning stool frequency and consistency, ease of stool passage, sense of complete emptying of bowels and time to first bowel movement after drug intake. No dichotomous data concerning response to therapy were reported in this phase IIa study.
Linaclotide led to a significant effect on ascending colon emptying half time but only for the 1000 µg dose compared with placebo (p = 0.004). Overall colonic transit time at 48 h was also accelerated significantly with 1000 µg compared with placebo (p = 0.01), although the effect at 24 h was not statistically significant. Time to first bowel movement was significantly lower with linaclotide 1000 µg and 100 µg (512 and 487 min respectively versus 750 min with placebo, p = 0.013), and there were significant increases in stool frequency (p = 0.037), improvements in stool consistency (p < 0.001) and ease of stool passage (p < 0.001) in a dose-dependent manner.
No serious adverse events were reported and no patients discontinued therapy due to adverse events. The most commonly reported adverse events were headache, abdominal bloating, and borborygmi, which were numerically higher among those assigned to active therapy.
Phase IIb study
In 2010 the results of a randomized phase IIb, double-blind, parallel group, placebo-controlled trial were published [Johnston et al. 2010] . This was a multicentre study conducted in the United States and Canada, recruiting 420 patients with IBS-C as defined by the ROME II criteria. To be eligible, recruited patients also had to report less than three SBMs per week in addition to one or more of lumpy or hard stools, straining or a sensation of incomplete evacuation for at least 25% of bowel movements. The mean age of patients was 44 years and 92% were women. Patients were randomized to receive linaclotide 75, 150, 300 or 600 µg, or placebo, once daily for 12 weeks. The primary endpoint was the change in the number of CSBMs per week from baseline. Secondary endpoints included effect on individual symptoms and quality of life, as well as the proportion of patients who were CSBM responders, defined as a patient with a weekly CSBM rate of at least three and an increase of at least one from baseline for 9 of the 12 weeks of therapy, the proportion who were adequate relief responders, defined as reporting adequate relief of symptoms for 9 of 12 weeks, and the proportion who were global relief responders, defined as symptoms being somewhat, considerably or completely relieved for all 12 weeks, or completely relieved for 6 of 12 weeks.
The mean change in the number of CSBMs per week for placebo was 1.01. For 75, 150, 300 and 600 µg the mean change in CSBMs per week was 2.90, 2.49, 3.61 and 2.68 respectively (p < 0.01 for all linaclotide doses compared with placebo). Stool consistency, straining and abdominal pain scores were significantly improved with all doses of linaclotide compared with placebo. Differences in quality of life scores, however, were not significantly different. The proportion of patients who were CSBM responders with placebo was 12% compared with 25%, 19.5%, 32% and 24% with 75, 150, 300 and 600 µg linaclotide. These differences were statistically significant for all linaclotide doses, except the 150 µg dose. Significantly higher proportions of patients receiving linaclotide (33-51%) were adequate relief responders compared with placebo (22%). Response rates for global relief were 44-58% with linaclotide versus 29% with placebo.
Rates of diarrhoea ranged between 11.4% of patients in the 75 µg arm and 18.0% in the 600 µg arm compared with 1.2% in the placebo group. Of those experiencing diarrhoea, 13 patients in the linaclotide arms discontinued therapy as a result. There were no cases of dehydration or electrolyte disturbance.
Phase III studies Two phase III randomized, double-blind, placebocontrolled trials were published in 2012 [Chey et al. 2012; Rao et al. 2012] . The first of these was conducted in 102 centres in the USA and randomized 804 patients to receive linaclotide 290 µg or placebo for 26 weeks [Chey et al. 2012] . Inclusion criteria were similar to the aforementioned phase IIb trial. The mean age of included patients was 40 years and 90% were women.
Primary endpoints were based on US Food and Drug Agency (FDA) guidance for IBS trials developed in 2012. An FDA responder was defined as a patient who had an improvement of at least 30% from baseline in the average of the daily worst abdominal score, and an increase of at least one CSBM from baseline. Both needed to occur in the same week for at least 6 of the first 12 weeks of the treatment period. Other primary endpoints included an improvement of at least 30% from baseline in the weekly average of the daily worst abdominal pain scores, at least three CSBMs with an increase of at least one CSBM from baseline for at least 9 of the first 12 weeks of therapy, and finally a combination of the previous two points with a responder defined as a patient meeting both of the above in the same week. Key secondary endpoints included effect on abdominal pain, abdominal discomfort, bloating, stool frequency and consistency, and straining.
The European Medicines Agency (EMA) set slightly different primary endpoints [Quigley et al. 2013 ]. An abdominal pain or discomfort responder was required to experience a 30% reduction in mean abdominal pain or discomfort score on an 11-point scale, with neither condition worsening from baseline for at least 6 weeks, and a 12-week IBS degree of relief responder was required to report that symptoms were considerably or completely relieved for at least 6 weeks.
For all the primary endpoints, linaclotide 290 µg showed statistically significant improvements compared with placebo. For the first 12 weeks, 34% of patients receiving linaclotide met the FDA combined primary endpoint compared with 14% for placebo (p < 0.001). The number needed to treat for the primary endpoint was five. When symptom data over 9 of 12 weeks were examined, 18% of patients receiving linaclotide met criteria for response versus 5% of patients on placebo. When the combined endpoint was studied, 13% of patients receiving linaclotide were classified as responders compared with 3% of those assigned to placebo. Over the entire 26-week treatment period, 32% and 13% of patients receiving linaclotide and placebo respectively met the FDA endpoint for a minimum of 13 weeks out of the 26-week trial. Finally, improvements in abdominal pain, abdominal discomfort, bloating, stool frequency and consistency, and straining scores were all significantly greater with linaclotide over 12 and 26 weeks of therapy. The EMA responder endpoints were also met by significantly more patients receiving linaclotide [Quigley et al. 2013] .
Total numbers of adverse events were significantly higher among linaclotide-treated patients, occurring in 65.4% compared with 56.6% (p < 0.05). However, most were mild or moderate in severity. Once again, the most common adverse event reported was diarrhoea, occurring in 19.7% of patients randomized to linaclotide, compared with only 2.5% of placebo patients. This resulted in cessation of linaclotide therapy in 4.5% of patients compared with 0.2% in patients receiving placebo.
The second phase III trial differed in terms of its design in that patients were randomized to receive linaclotide 290 µg or placebo for a total of 12 weeks, followed by a 4-week randomized withdrawal period [Rao et al. 2012] . However, inclusion criteria and endpoints were identical to the first trial. The mean age of the 800 participants was 43.5 and 90% were women. Among patients randomized to receive linaclotide, 34% met the FDA endpoint compared with 21% assigned to placebo (p < 0.001). The number needed to treat for the primary endpoint was 8. A statistically significantly higher number of patients also met criteria for the other primary endpoints and secondary endpoints. During the 4-week withdrawal period, patients originally randomized to linaclotide who remained on linaclotide showed a continued and sustained response whilst those rerandomized to placebo demonstrated an increase in symptoms of abdominal pain and a decrease in CSBM frequency to the level of those reported by the placebo arm of the trial during the first 12 weeks of therapy. Again, significantly more patients receiving linaclotide met the EMA responder endpoints [Quigley et al. 2013] .
The total numbers of adverse events and serious adverse events were not significantly higher among patients receiving linaclotide in this trial (56.2% versus 53.0%). However, diarrhoea was again the predominant side effect experienced, with 19.5% of patients receiving linaclotide reporting diarrhoea compared with 3.5% of patients on placebo. Overall, 7.9% of patients taking linaclotide discontinued the drug as a result of any of the adverse events compared with 2.8% of patients on placebo.
Conclusion
While treatment goals in CIC and IBS-C may be different, linaclotide follows other drugs that have proved to be beneficial for the treatment of both conditions, including tegaserod [Evans et al. 2007; Ford et al. 2009a] , which was withdrawn by the FDA in 2007 [FDA, 2007] and lubiprostone Johanson et al. 2008] . This underlines the potential for overlap in underlying pathophysiological mechanisms between CIC and IBS-C. Data from randomized placebo-controlled trials demonstrate that linaclotide is effective across a wide range of endpoints studied (see Table 1 ), with numbers needed to treat of between 5 and 8, and the drug has been approved for the treatment of both conditions in the USA, and for the treatment of IBS-C in Europe. Adverse events have been, for the most part, no more frequent with linaclotide compared with placebo, although diarrhoea appears to be an issue. Electrolyte disturbances and dehydration have not been reported. It should be noted that the drug has been tested mainly in women, with 88-100% of trial participants being women, and therefore its efficacy in men with CIC and IBS-C is less clear.
While linaclotide is a first-in-class drug, plecanatide, another drug with the same mechanism of action, is undergoing preliminary trials in CIC and IBS-C. Plecanatide appeared to be effective in a phase IIa placebo-controlled trial in CIC [Shailubhai et al. 2011] and the authors reported that diarrhoea did not occur with the active drug in any of the recruited patients. A phase IIb/III trial randomizing over 800 patients with CIC to plecanatide or placebo has been completed recently, with the results expected soon, and a phase II placebo-controlled trial in IBS-C is ongoing.
Despite the efficacy of linaclotide in placebocontrolled trials in CIC, as yet, there are no headto-head trials against other less expensive and more well established treatments. Laxatives, such as bisacodyl, sodium picosulfate and polyethylene glycol (PEG) are also effective for the treatment of CIC [Ford and Suares, 2011] . In a recent randomized noninferiority trial comparing PEG with prucalopride, a drug acting on the 5-hydroxytryptamine receptor agonist licensed for the treatment of CIC in women, PEG was equally effective and appeared to be better tolerated [Cinca et al. 2013] . Therefore, before the place of linaclotide in the treatment pathway of CIC is clear, randomized controlled trials of the drug versus current accepted treatments will be required to assess efficacy, cost effectiveness and safety. However, in IBS-C, where there are no other licensed drugs currently available, linaclotide represents a promising new therapy.
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